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In this paper, the fundamental features and mechanism of droplet migration on hydrophobic–hydrophilic

hybrid surfaces are investigated using the lattice Boltzmann method. The hybrid surfaces are textured with

pillars, which consist of hydrophobic side walls and hydrophilic tops. First, we study the cases with

wettability differences between the sides and the tops of the pillars. It is found that, with an insufficient

wetting contrast, the upper contact lines are pinned at the edges of the top surface. With an increase of

the contact length between the droplet and the side wall of the pillar, a larger wettability difference is

required to induce droplet migration. Meanwhile, it is observed that the migration process is gradually

speeded up when the droplet covers more hydrophilic regions of the pillar. Moreover, the influence of

the bottom substrate's wettability is investigated. Two types of hybrid surfaces are considered, one of

which adopts a wettability difference between the bottom substrate and the sides of pillars. The results

show that the droplet migration can be promoted by applying a wetting contrast between the bottom

substrate and the sides of the pillars, because the contact length between the droplet and the surface

can be reduced with an increase in the hydrophobicity of the bottom substrate.
1. Introduction

Condensation of vapor is prevalent in nature and plays an
important role in a variety of engineering applications such as
heat exchangers in power and processing industries,1 water
harvesting,2 air conditioning3 and water desalination.4 In all of
these applications, an efficient condensation process is desired
to improve the efficiency of energy conversion. Between the two
modes of condensation, the dropwise condensation mode
provides an order of magnitude higher heat transfer coefficient
than the lmwise condensation mode.5 In the past several
decades, signicant efforts have been devoted to the study of
the underlying mechanisms, methods, and materials for
enhancing condensation heat transfer by promoting dropwise
condensation. However, achieving sustained dropwise
condensation in engineering applications has remained an
elusive task.

With the rapid development of micro- and nano-fabrication
techniques, various engineered surfaces have been designed
and fabricated to promote dropwise condensation by making
use of micro- and nano-scale features.6–12 Particularly, the
advances in surface science have renewed the research interest
in tuning surface wettability. In recent years, many studies have
been reported on enhancing dropwise condensation through
g, Central South University, Changsha
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hemistry 2017
the surfaces with hybrid architectures of hydrophobic/
hydrophilic patterns,13–24 which use heterogeneous chemical
compositions or employ a combination of heterogeneous
chemical compositions and surface texturing to facilitate
selective nucleation, growth, and condensate mobilization.25

These hybrid surfaces are similar to the water-capturing surface
of a beetle in the Namib desert,26,27 which utilizes its bumpy
back with hydrophilic and hydrophobic patches to condense
and collect water droplets. For example, Varanasi et al.13 fabri-
cated a textured hybrid surface comprising an array of hydro-
phobic posts with hydrophilic tops and found that, in contrast
to the random nucleation behavior on superhydrophobic
surfaces, the hybrid surface promotes nucleation and growth of
Cassie-state droplets and therefore exhibits superior droplet
shedding properties under condensation. Later, Mishchenko
et al.14 also demonstrated the selective nucleation of water
droplets on hybrid surfaces.

Inspired by the Namib desert beetle, Hou et al.15 have also
proposed a hybrid surface, which consists of micropillar arrays
(hydrophilic patches on the top) and surrounding nanograss.
They showed that the droplet nucleation density and the droplet
growth rate on the hybrid surface are both much higher than
that of a superhydrophobic surface without hydrophilic
patterns. In addition, He et al.16 designed a micro-/nanoporous
superhydrophobic surface modied with hydrophilic polymer
and demonstrated that the surface is efficient for controlling
microdroplet self-removal. Yao et al.17,18 have investigated the
wetting behavior on a hybrid surface with hydrophobic and
hydrophilic properties and developed a model based on energy
RSC Adv., 2017, 7, 14701–14708 | 14701
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minimization to predict the wettability of a hybrid surface.
Moreover, Ölçeroğlu and McCarthy19 designed a hybrid surface
consisting of a superhydrophobic nanostructured surface
patterned with an array of circular superhydrophilic islands and
found that the hybrid surface can effectively delay surface
ooding during condensation at increased supersaturations.

Recently, Orejon et al.20 reported experimental observations
of droplet migration from the hydrophobic side walls of
micropillars to their hydrophilic tops during condensation on
a textured hybrid surface. They emphasized that the capability
of hybrid surfaces to shi condensate onto the top surfaces of
the pillars is critical for subsequent droplet detachment. The
directional motion of droplets from hydrophobic strips to
hydrophilic strips during condensation on at surfaces with
chemical patterns have also been reported.21,22 Actually, the
motion of a droplet on a at surface due to a wettability gradient
has been widely investigated in the literature by both experi-
ments and computer simulations.28–34 However, in comparison
with the cases on at surfaces, droplet migration on a textured
surface with wetting contrast is much more complex.

The present work aims at numerically investigating the
droplet migration behavior on textured hydrophobic–hydro-
philic surfaces and providing an understanding of the mecha-
nism of droplet migration on textured hybrid surfaces. The
surfaces are textured with pillars consisting of hydrophobic
sides and hydrophilic tops. First, we investigate the inuence of
the wettability difference between the sides and the tops of
pillars. It is found that a larger wettability difference is required
to induce droplet migration when the contact length between
the droplet and the side wall of the pillar increases. With an
insufficient wetting contrast, the upper contact lines are pinned
at the edges of the top surface. Later, the inuence of the
wettability contrast between the bottom substrate and the sides
of pillars is investigated. Our results show that the droplet
migration can be promoted by applying a wetting contrast
between the bottom substrate and the sides of pillars.

The Lattice Boltzmann (LB) method is adopted, which is
a mesoscopic numerical approach based on the kinetic theory
expressed by the Boltzmann equation.35,36 This method has
been applied in a variety of elds with great success,37–39

including droplet moving on smooth surfaces with wettability
gradient33,40 and gradient structured surfaces.41 It has advan-
tages in dealing with complex boundaries and incorporating
microscopic interactions, both of which are important for
simulating interfacial phenomena. In the LB modeling, the
interface between different phases can arise, deform and
migrate naturally, without resorting to any techniques to track
or capture the interface.42,43 The rest of the present paper is
organized as follows. In Section 2, we briey introduce the
numerical model. The numerical results and discussions are
presented in Section 3. Finally, Section 4 summarizes the
present paper.

2. Numerical model

Since the emergence of the LB method, its application in
multiphase ows has always been a very important theme of the
14702 | RSC Adv., 2017, 7, 14701–14708
method.37–39,44 The available multiphase LB models can be
generally classied into four categories,39 among which the
pseudopotential multiphase LB model45,46 is the simplest one.
In this model, the uid interactions are modeled by an inter-
particle potential (also called pseudopotential), through which
the separation of uid phases can be achieved automatically.
Using a multiple-relaxation-time collision operator,47–49 the LB
equation governing the evolution of the density distribution
function can be written as follows:

faðxþ eadt; tþ dtÞ ¼ faðx; tÞ � L
_

ab

�
fb � f

eq
b

���
ðx;tÞ þ dtF

0
aðx; tÞ;

(1)

where fa is the density distribution function, f eqa is the equi-
librium distribution, t is the time, x is the spatial position, ea is
the discrete velocity along the a th direction, dt is the time step,
F0a represents the forcing term in the velocity space, and
L
_

ab ¼ ðM�1LMÞab is the collision matrix, in which L is a diag-
onal matrix and M is an orthogonal transformation matrix.47

Our simulations are carried out in a rectangular computational
domain. Therefore the two-dimensional nine-velocity (D2Q9)
lattice model is employed, which has the following discrete
velocity vectors:

ea ¼
8<
:

ð0; 0Þ; a ¼ 0;
cðcos½ða� 1Þp=2�;sin½ða� 1Þp=2�Þ; a ¼ 1� 4;ffiffiffi
2

p
cðcos½ð2a� 9Þp=4�;sin½ð2a� 9Þp=4�Þ; a ¼ 5� 8;

(2)

where c is the lattice constant. The equilibrium density distri-
bution function is given by

f eqa ¼ uar

"
1þ ea$v

cs2
þ vv :

�
eaea � cs

2I
�

2cs4

#
; (3)

where I is the unit tensor, cs ¼ c=
ffiffiffi
3

p
is the lattice sound speed,

and ua are the weights, which are given by u0 ¼ 4/9, u1–4 ¼ 1/9,
and u5–8 ¼ 1/36. By accumulating the density distribution func-
tion, the macroscopic density and velocity are obtained as follows:

r ¼
X
a

fa; rv ¼
X
a

ea fa þ dt

2
F; (4)

where F is the force exerting on the system. Using the trans-
formation matrix M, the right-hand side of eqn (1) can be per-
formed in the moment space:

m* ¼ m�Lðm�meqÞ þ dt

�
I� L

2

�
S; (5)

where m ¼ Mf, meq ¼ Mf eq, and S is the forcing term in the
moment space. According to eqn (1), the density distribution
function can be updated via f ¼ M�1m*, where f ¼ (f0, f1,.,
fn�1)

T.
In the pseudopotential multiphase LBmodel, the interaction

force is given by45,46

Fðx; tÞ ¼ �GjðxÞ
X
a

wajðxþ eadtÞea; (6)

where j is the pseudopotential, G is the interaction strength,
and wa are the weights. For the D2Q9 lattice model, the weights
This journal is © The Royal Society of Chemistry 2017
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wa¼ 1/3 for |ea|
2¼ 1 andwa¼ 1/12 for |ea|

2¼ 2. The interaction
force F is incorporated into eqn (5) through the forcing term
S.48,50 To reproduce a non-ideal equation of state, the pseudo-

potential j is chosen as jðxÞ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðpeos � rcs2Þ=Gc2

p
,51 where

peos is a non-ideal equation of state. Here the interaction
strength G is to ensure that the whole term inside the square
root in j(x) is positive and is taken as G ¼ �1. The Peng–Rob-
inson equation of state is adopted in the present work. Yuan
and Schaefer51 found that this equation of state has a relatively
better performance in the LB modeling in comparison with
other equations of state.

In the LB method, the space is discretized in such a way that
eadt is the distance between two neighboring grid points. Then
aer one time step dt, fa(x,t) arrives at its neighboring grid site
along the lattice velocity direction ea. In other words, particles
always move on a regular lattice by applying consecutive
“collision” and “streaming” processes according to the LB
equation. Correspondingly, all the quantities used are dimen-
sionless and lengths are expressed in the unit of the lattice
spacing.35
3. Results and discussions
3.1 Simulation details

A simulation box of Lx � Ly ¼ 600 � 300 (lattice units) in two
dimensions is adopted in the present work, and a textured
hybrid surface is placed at the bottom of the box. The hybrid
surface, which is textured with pillars, is illustrated in Fig. 1.
The bottom substrate and the side walls of the pillars are
hydrophobic, whereas the top surfaces of the pillars are
hydrophilic. The center-to-center spacing between two pillars is
s ¼ 200 l.u. (l.u. represents lattice units). In the present work,
the process of droplet nucleation is not involved, which usually
occurs within nanoscale and nanosecond time scale.52 Here we
focus on studying the dynamic behavior of droplet migration
and small droplets are initially placed on the surface. The initial
conguration is equilibrated in a short simulation of 5000 time
steps, and then the droplet growth is triggered using a treat-
ment similar to that proposed by Jansen et al.,40 i.e., adding ve
pixels of liquid density to the liquid phase every 50 time steps,
which “mimics” the droplet growth during condensation. The
slight increase in density is distributed over all the lattices
within the droplet.40 The intrinsic contact angles on the
hydrophilic and hydrophobic regions are denoted by qphi and
qpho, respectively. The treatment for implementing contact
angles in a multiphase LB model can be found in ref. 39. The
Fig. 1 Schematic illustration of the hydrophobic–hydrophilic hybrid
surface. The tops of the pillars are hydrophilic, while the sides of the
pillars and the bottom substrate are hydrophobic.

This journal is © The Royal Society of Chemistry 2017
liquid and vapor densities are chosen as rL z 6.5 and rV z 0.38
(l.u.), respectively. The relaxation time sv which determines the
kinematic viscosity is set to 1.0.
3.2 Wettability difference between the sides and the tops of
the pillars

First, we study the cases in which the droplets do not contact
the bottom substrate during our simulations. For these cases,
the height and the width of the pillars are taken as h ¼ 100 and
w ¼ 80 (l.u.), respectively. The periodic boundary condition is
applied in the x direction. Initially, a pair of droplets of radius r
¼ 15 (l.u.) is placed on the sides of the central pillar. The vertical
distance between the top surface of the pillar and the centers of
the droplets is 24 l.u.

Some snapshots of the droplet behavior on a textured hybrid
surface with qpho ¼ 120� and qphi ¼ 50� are shown in Fig. 2,
where ts denotes a thousand time steps. In our simulations, the
intrinsic contact angles are implemented without contact angle
hysteresis. Therefore it can be seen that in the early stage (Fig. 2a
and b) the droplets grow on the sides of the pillar in the constant
contact angle (CCA) mode. With the growth of the droplets, the
upper three-phase contact lines gradually approach the edges of
the top surface and reach the edges at a certain instant. Subse-
quently, as can be seen from Fig. 2c and d, the upper contact
lines cross the edges and move along the top surface, which
results from the wettability difference between the sides and the
top surface of the pillar. Later, the two droplets coalesce on the
top surface of the pillar. Here it should be noted that, since two-
dimensional simulations are conducted, our results represent
the migration of liquid cylinders in three-dimensional space. In
addition, we use the concept of contact lines throughout the
present paper, but note that the three-phase contact lines in two
dimensions are contact bands with thickness.

The time evolution of the dynamic contact angles during the
migration process on the hybrid surface is presented in Fig. 3,
where qA denotes the dynamic contact angle on the top surface
of the pillar and qB represents the dynamic contact angle on the
side wall of the pillar. The values of qA and qB are evaluated from
the simulation results via the circle ttingmethod (see Fig. S1 in
the ESI†). From the gure we can observe an interesting
phenomenon that, when the droplet covers a small area of the
hydrophilic region (the top surface) of the pillar, the contact
angles qA and qB are approximately equal to qphi ¼ 50� and qpho

¼ 120�, respectively; however, with the increase of the covered
hydrophilic area, qA gradually increases and qB slightly
decreases. When qA z qphi, the motion of the upper contact line
along the top surface is mainly dominated by the growth
(expansion) of the droplet. Nevertheless, when qA > qphi, there is
an unbalanced Young's force towards the right (see Fig. 3 in ref.
42 about the unbalanced Young's force). Meanwhile, the
decrease of qB leads to an upward unbalanced Young's force,
which also promotes the migration of the droplet. As a result,
the migration process will be speeded up (see Movie S1 in the
ESI†). Such a phenomenon is consistent with the experimental
observation reported in ref. 20: the droplet covers slightly more
area of the hydrophilic region until a rapid migration occurs.
RSC Adv., 2017, 7, 14701–14708 | 14703
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Fig. 2 Snapshots of droplet behavior on a textured hybrid surface with qpho¼ 120� and qphi¼ 50�. (a) t¼ 2ts, (b) t¼ 18ts, (c) t¼ 29ts, (d) t¼ 36ts, (e)
t ¼ 39.5ts, and (f) t ¼ 47ts. The displayed domain is x ˛ [120, 480] and y ˛ [0, 200].

Fig. 3 (a) Time evolution of the dynamic contact angles during the migration process on the hybrid surface with qpho ¼ 120� and qphi ¼ 50�. (b)
Schematic illustration of the dynamic contact angles qA and qB. (c) Schematic illustration of the contact length between the droplet and the side
wall of the pillar before the start of droplet migration.
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If there is no wetting contrast between the sides and the top
surface of the pillar, the upper contact lines would be pinned at
the edges of the top surface, which can be seen from Fig. 4,
where the droplet behavior on a textured surface with uniform
wettability is presented for comparison. The pinning phenom-
enon in Fig. 4 arises from an energy barrier that prevents the
transition from the Cassie-Baxter state to the Wenzel state.53,54

Correspondingly, in Fig. 2 the motion of the contact lines from
the sides of the pillar to the top surface occurs because the
energy barrier has been overcome by applying the wetting
contrast. However, with an insufficient wettability difference,
Fig. 4 Snapshots of droplet behavior on a textured surface with uniform
¼ 29ts, and (c) t ¼ 47ts. The upper contact lines are pinned when reachi

14704 | RSC Adv., 2017, 7, 14701–14708
the upper contact lines would also be pinned at the edges of the
top surface, as can be seen in Fig. 5, in which the droplet
behavior on a textured hybrid surface with qpho ¼ 120� and qphi

¼ 60� is displayed.
When the upper contact lines reach the edges of the top

surface, the contact length between the droplet and the side
wall of the pillar is measured, which is dened as Lc (see Fig. 3c).
In the above simulations, the contact length Lc is about 47 l.u.
By xing qpho at 120�, a number of cases are considered with
varying qphi and Lc so as to quantify the capability of the hybrid
surfaces. The contact length Lc is changed by adjusting the
wettability, which has an intrinsic contact angle of 120�. (a) t¼ 18ts, (b) t
ng the edges of the top surface.

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Snapshots of droplet behavior on a textured hybrid surface with qpho ¼ 120� and qphi ¼ 60�. (a) t ¼ 18ts, (b) t ¼ 32ts, and (c) t ¼ 60ts.
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position of the initial droplets. The results are depicted in Fig. 6,
where the circles denote the cases leading to droplet migration
whereas the squares denote the cases in which the upper
contact lines are pinned at the edges of the top surface of the
pillar. The volume of the droplet before the start of droplet
migration is proportional to the contact length Lc since qpho is
xed. From the gure we can see that, when Lc increases,
a smaller qphi is required to induce droplet migration. This is
mainly attributed to the enhancement of the energy barrier with
the increase of the contact length Lc, which prevents the Cassie-
Baxter/Wenzel transition. Accordingly, a larger wettability
difference is needed to overcome the energy barrier so as to shi
the droplets onto the top surface of the pillar.
3.3 Wettability difference between the bottom substrate and
the sides of the pillars

In this section, we turn our attention to the inuence of the
bottom substrate's wettability. Two types of hybrid surfaces are
considered, which are illustrated in Fig. 7. The geometric
parameters are the same as those in the previous section except
that the height of the pillars is now reduced to 60 l.u. For the A-
type surface in Fig. 7, the bottom substrate and the sides of the
pillars have the same wettability, while there is a wettability
difference between them for the B-type surface (the bottom
substrate is more hydrophobic than the sides of the pillars,
namely qbom > qpho). Most of the textured hybrid surfaces in the
literature are A-type surfaces. The contact angles qphi and qpho

are taken as 35� and 120�, respectively. In order to compare the
Fig. 6 The circles denote the cases resulting in droplet migration
while the squares denote the cases in which the upper contact lines
are pinned at the edges of the top surface of the pillar. The intrinsic
contact angle on the side walls is fixed at qpho ¼ 120�.

This journal is © The Royal Society of Chemistry 2017
fundamental features of the two types of hybrid surfaces, in our
simulations the bottom substrate of the B-type surface is
considered to be the same as that of the A-type surface except for
the wettability, but note that in practical applications the
contact angles of q > 120� are achieved with surface roughness.

Fig. 8 presents a comparison of the droplet behavior on the
two types of hybrid surfaces. Initially, a droplet of radius r ¼ 15
(l.u.) is placed on the le side of the central pillar. The droplet
growth is triggered aer 5000 time steps with the growth rate
being reduced by half. The vertical distance between the center
of the droplet and the bottom surface is 24 l.u., which means
that the droplet should contact the bottom substrate before
reaching the top surface of the pillar.

From Fig. 8b we can see that, for the A-type surface, the
droplet spreads uniformly on the bottom substrate and the side
wall of the pillar aer contacting the bottom substrate. However,
for the B-type surface, the bottom substrate is less wettable than
the sides of the pillars. Consequently, as can be seen from the
right panel of Fig. 8b, the contact length between the droplet and
the surface is mainly located on the side wall of the pillar. For
both surfaces, as time goes by, the droplet gradually covers the
le side of the central pillar and approaches the edge of the top
surface of the pillar. However, at the instant that the upper
contact line reaches the edge of the top surface, the volume of
the droplet on the A-type surface is much larger than that of the
droplet on the B-type surface (the same case for the contact
length between the droplet and the surface), which leads to
a large energy barrier for dropletmigration on the A-type surface.
As a result, the droplet on the A-type surface cannot be shied
onto the top surface of the pillar, while a successful droplet
migration can be observed on the B-type surface.

Fig. 9 presents the results of another case in which the initial
droplet is placed on the bottom substrate but close to the le
side of the central pillar. Such a choice is based on the experi-
mental observation in ref. 20: most of the droplets on the
bottom substrate nucleated around the side walls of the pillars.
From the le panels of Fig. 9b and c we can also nd that the
droplet spreads uniformly on the bottom substrate of the A-type
Fig. 7 Schematic illustration of two types of hybrid surfaces.

RSC Adv., 2017, 7, 14701–14708 | 14705
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Fig. 9 Snapshots of droplet behavior on an A-type surface (left) and
a B-type surface (right) with qphi ¼ 35�, qpho ¼ 120�, and qbom ¼ 165�.
The initial droplet is placed on the bottom substrate but close to the
left side of the central pillar.

Fig. 10 Effect of the pillar height on the capability of the B-type
surface. The contact angles qpho and qphi are taken as 120� and 35�,
respectively. The circles represent the cases in which the droplet can
be successfully shifted onto the top surface of the pillar.

Fig. 8 Snapshots of droplet behavior on an A-type surface (left) and
a B-type surface (right) with qphi ¼ 35�, qpho ¼ 120�, and qbom ¼ 165�.
The initial droplet is placed on the left side of the central pillar.
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surface and the side wall of the central pillar. In contrast, owing
to the wettability difference, the droplet on the B-type surface
rapidly adheres to the side wall of the pillar aer contacting the
pillar (see Fig. 9b). Actually, by comparing Fig. 9c with Fig. 8c,
we can nd that the aforementioned two cases show the same
behavior in the late stage although the initial settings are
different. According to these results, it is expected that similar
phenomena can be observed in the modeling of the cases in
which the droplets nucleate at the corners, which is conrmed
in our simulations.

Finally, the inuence of the pillar height on the capability of
the B-type surface is depicted in Fig. 10, where h/w is the ratio of
the pillar height to the pillar width. The pillar width is still set to
80 l.u., while the pillar height varies from 20 to 60 l.u. The initial
droplet is placed on the bottom substrate but close to the le
side of the central pillar. The circles in Fig. 10 represent the cases
in which the droplet can be successfully shied onto the top
surface of the pillar. From the gure we can see that, when qbom

is xed, the increase of the pillar height prevents the migration
of the droplet. This is expected since the droplet volume and the
contact length before the start of droplet migration increase with
the increase of the pillar height, which enhances the energy
barrier. Therefore, when the pillar height increases, a larger qbom
is required, which helps the droplet reach the edge of the top
14706 | RSC Adv., 2017, 7, 14701–14708
surface with smaller droplet volume and contact length, as is
shown in the right panels of Fig. 8 and 9.

4. Summary

Using the lattice Boltzmann method, we have numerically
investigated the droplet migration on hydrophobic–hydrophilic
hybrid surfaces, which are textured with pillars consisting of
hydrophobic sides and hydrophilic tops. First, we studied the
cases in which the droplets reach the edges of the top surface
This journal is © The Royal Society of Chemistry 2017
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before contacting the bottom substrate. Numerical results
showed that the migration of droplets from the sides of a pillar
to its top surface arises from the wettability difference between
the sides and the top surface of the pillar. Without the wetting
contrast or with an insufficient wetting contrast, the upper
contact lines were found to be pinned at the edges of the top
surface. Meanwhile, it was found that, with the increase of the
contact length between the droplet and the side wall of the
pillar, a larger wettability difference is required to induce
droplet migration. Moreover, we observed that the migration
process is gradually speeded up when the droplet covers more
hydrophilic region of the pillar.

We then investigated the inuence of the bottom substrate's
wettability. Two types of hybrid surfaces were considered, one of
which adopts a wettability difference between the bottom
substrate and the sides of the pillars. Through a comparison of
the droplet behavior on the two types of hybrid surfaces, it was
found that the droplet migration can be promoted by applying
a wetting contrast between the bottom substrate and the sides
of the pillars, because the droplet volume and the contact
length before the start of droplet migration can be reduced with
the increase of the hydrophobicity of the bottom substrate. We
believe that the present numerical results and ndings would
be useful for understanding the fundamental features and
mechanism of droplet migration on textured hybrid surfaces.
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